The activity-regulated gene Arc/Arg3.1 encodes a postsynaptic protein crucially involved in glutamatergic synaptic plasticity. Genetic mutations in Arc pathway and altered Arc expression in human frontal cortex have been associated with schizophrenia. Although Arc expression has been reported to vary with age, what mechanisms regulate Arc mRNA levels in frontal cortex during postnatal development remains unclear. Using quantitative mRNA analysis of mouse frontal cortical tissues, we mapped the developmental profiles of Arc expression and found that its mRNA levels are sharply amplified near the end of the second postnatal week, when mouse pups open their eyes for the first time after birth. Surprisingly, electrical stimulation of the frontal cortex before eye-opening is not sufficient to drive the amplification of Arc mRNA. Instead, this amplification needs both electrical stimulation and dopamine D1-type receptor (D1R) activation. Furthermore, visual stimuli-driven amplification of Arc mRNA is also dependent on D1R activation and dopamine neurons located in the ventral midbrain. These results indicate that dopamine is required to drive activity-dependent amplification of Arc mRNA in the developing postnatal frontal cortex and suggest that joint electrical and dopaminergic activation is essential to establish the normal expression pattern of a schizophrenia-associated gene during frontal cortical development.
Introduction
The mammalian frontal cortex undergoes extensive postnatal development (Rosenberg and Lewis 1995; Huttenlocher and Dabholkar 1997; Sur and Rubenstein 2005) , and aberrant frontal cortical maturation is implicated in neurodevelopmental psychiatric disorders such as schizophrenia (Lewis and Levitt 2002; Rapoport et al. 2012) . Recent large-scale human genetic studies of schizophrenia have shown that rare disruptive mutations, de novo copy number variants, and de novo deleterious singlenucleotide variants are all enriched in a subset of postsynaptic density proteins (such as DLG1, CYFIP1, BAIAP2, and IQSEC2) that biochemically interact with the activity-regulated cytoskeleton-associated protein Arc/Arg3.1 (Kirov et al. 2012; Fromer et al. 2014; Purcell et al. 2014) . In addition, a chromosomal microdeletion encompassing the Arc gene and a single-nucleotide polymorphism within the Arc gene have been reported to associate with neurodevelopmental psychiatric disorders and schizophrenia (Hu et al. 2015; Huentelman et al. 2015) . Reduced expression of Arc mRNA has also been detected in the frontal cortex of schizophrenia subjects (Guillozet-Bongaarts et al. 2014) .
Although previous animal studies have demonstrated a crucial role of Arc in regulating postsynaptic glutamate receptors and neuronal plasticity in the frontal cortex (Shepherd and Bear 2011; Ren et al. 2014; Cao et al. 2015) , little is known about the regulation of Arc mRNA levels during postnatal development of the frontal cortex.
Arc was initially identified in adult brain based on its rapid and strong induction in response to electrical seizure activity (Link et al. 1995; Lyford et al. 1995) . Subsequent studies have shown that exposure to a novel environment or behavioral training can induce Arc expression in input-specific neuronal ensembles in the adult brain (Guzowski et al. 1999; Wang et al. 2006; Shepherd and Bear 2011) . In neuronal cultures, electrical activation of neurons appears to be sufficient to amplify the expression of Arc mRNA, via a signaling cascade triggered by calcium influx from voltage-gated calcium channels or N-methyl-D-aspartate receptors (Shepherd et al. 2006; Bloomer et al. 2008; Lyons and West 2011) . In the neonatal rodent brain, by contrast, despite the occurrence of spontaneous neural activity and calcium waves (Khazipov and Luhmann 2006; Ackman et al. 2012) , previous studies detected little expression of Arc mRNA (Lyford et al. 1995; Sanders et al. 2008) . It remains to be determined whether increasing neural activity levels in the neonatal brain would be sufficient to drive the amplification of Arc mRNA. Alternatively, other regulatory mechanisms may play essential roles in the amplification of Arc expression during postnatal cortical development.
Besides electrical activity, Arc expression in adult brain is influenced by a variety of neuromodulators in a brain regionspecific manner (Fosnaugh et al. 1995; Pei et al. 2000; Sanders et al. 2008; Gil-Bea et al. 2011; Soule et al. 2012; de Bartolomeis et al. 2015) . The frontal cortex receives prominent dopaminergic innervation (Verney et al. 1982; Kalsbeek et al. 1988 ) and activation of dopaminergic signaling through D1-type receptors (D1R), but not D2-type receptors (D2R), can enhance Arc transcription in adult brain (Fosnaugh et al. 1995) . However, since dopaminergic signaling is not required for Arc expression induced by electrical activation in neuronal cultures, dopamine is generally thought to augment rather than to induce Arc expression (Shepherd et al. 2006; Bloomer et al. 2008) . In addition, dopaminergic innervation of the frontal cortex exhibits a protracted postnatal development, reaching a high innervation density by adulthood (Verney et al. 1982; Kalsbeek et al. 1988; Mastwal et al. 2014) . During early postnatal development of the frontal cortex, it is not known whether dopaminergic signaling may play any role in the amplification of Arc mRNA expression.
To investigate the regulation of Arc mRNA expression during early postnatal development of the frontal cortex, we used quantitative RNA analysis to map the developmental profiles of Arc mRNA levels in mice housed in their regular home cages. We found sharp amplification of Arc mRNA levels near the end of the second postnatal week, when mouse pups open their eyes for the first time after birth. As we expected, our findings showed that natural visual stimuli drive the amplification of Arc mRNA in the early postnatal frontal cortex. Surprisingly, however, electrical neural stimulation alone is not sufficient to drive the amplification of Arc mRNA in the frontal cortex before eye-opening. Instead, this amplification requires both electrical stimulation and D1R activation. Furthermore, natural visual stimuli-driven amplification of Arc mRNA, as well as the mRNAs of multiple other immediate early genes (IEGs), depends on D1R activation. Finally, we found that dopamine neurons located in the ventral midbrain are needed for the amplification of Arc mRNA during early frontal cortical development. These results reveal that dopamine is required to drive activity-dependent amplification of Arc mRNA in early postnatal development of the frontal cortex and suggest that combined electrical and dopaminergic activation is essential to establish the normal expression pattern of a schizophrenia-associated gene during frontal cortical development.
Materials and Methods

Animals
Wild-type mice in C57BL/6 strain were group-housed (2-4 animals per cage) in a temperature-and humidity-controlled animal facility, maintained on a 12-h light:dark cycle, and fed ad libitum. Birth was defined as postnatal day zero (P0). Experimental procedures were approved by the NIMH Animal Care and Use Committee.
Quantitative Real-Time Polymerase Chain Reaction
Frontal cortical tissue samples were dissected from mice either from the home cage or 0.5 h after treatment. Samples were then homogenized in TRIzol with a Polytron homogenizer. The homogenate was stored for 5 min at room temperature to allow for the complete dissociation of nucleoprotein complexes. Total RNA was then isolated using the RNeasy kit (Qiagen). To analyze mRNA expression level, cDNA was produced using reverse transcriptase (Life technologies) with random hexamer primers and then measured with quantitative reversetranscription polymerase chain reaction (qRT-PCR) using TaqMan probes in the 7900HT Real-time PCR system (Applied Biosystems). Pre-made Taqman assays (Arc, Mm00479619_g1; GAPDH, Mm99999915_g1) and custom-designed primers and taqman probes (Actin, 5′ ACCCCATTGAACATGGCATT 3′, 5′ TGTAGAAGGTGTGGTGCCAGAT 3′, 6FAM TTACCAACTGGGACG ACATGGAGAA; PrimerExpress, Applied Biosystems) were used. The Arc mRNA expression level was determined by the Arc cDNA concentration normalized to the Actin or GAPDH cDNA concentration.
Eye-Opening Paradigm
P12 mice with closed eyelids were kept in their home cage in the dark overnight. On the next day, P13 mice, which were confirmed by human observers wearing infrared goggles to have opened their eyelids in dark, were separated into different groups: one group received SCH23390 injection (0.2 mg/kg, intraperitoneally), one group received saline injection and the other, without injection. The groups were again split, with half of the each group being exposed to light for 2 h, and the other half remaining in the dark for the same period of time.
Electroconvulsive Stimulation
Mice were gently restrained by scruffing. After wetting the skin around the ear with saline, electrical conductive gel was applied, and an electrical stimulus (2 s, 100 Hz, 10 mA) was delivered across skull. The animal was visually monitored until recovery from muscle contraction, normally within 5 min. After this recovery period, the animal was placed back in its home cage. For combined amphetamine and ES treatment, mouse received ES 15 min after amphetamine administration (5 mg/kg, intraperitoneally).
Drugs
Amphetamine sulphate, 5 mg/kg and SCH23390 hydrochloride, 0.2 mg/kg, were dissolved in saline and administered intraperitoneally.
Immunohistochemistry
Mouse brains were fixed in 4% paraformaldehyde, and imbedded in 1.5-3% agarose. Of note, 50 μm brain sections were cut with vibratome. Those sections were permeabilized by 0.3% Triton X-100 in phosphate buffered saline (PBST) for 20 min and blocked with 10% goat serum in the PBST for 1 h. The sections were then incubated in antibodies against tyrosine hydroxylase (TH) (1:10 000, Millipore) overnight at 4°C. After washing with PBS for 30 min at room temperature, sections were incubated for 2 h with Alexa 488 goat anti-rabbit IgG (1:100, Santa Cruz) at room temperature. Brain sections were imaged with confocal microscopy (FV1000; Olympus). Frontal cortex images were analyzed using ImageJ blindly with regard to experimental conditions. After applying line filters based on Hessian matrix (FeatureJ plugin) with a smoothing scale of 2 pixels, the images were thresholded at 3 standard deviations above background. Line-like structures that were larger than 30 pixels and had a circularity index less than 0.5 were automatically selected. The total number of selected pixels in each image was calculated to indicate the extent of TH staining.
Animal Surgery and Lesion of Ventral Tegmental Area Dopamine Neurons
P9 mice were anesthetized with isoflurane and injected with 1 μL saline with or without 5 μg 6-OHDA and 0.2 μg ascorbic acid in the right ventral tegmental area (VTA). The skin over the skull was incised to expose Bregma. A small hole was then drilled at stereotaxic coordinates: P3.8, L0.5 and V3.5. The injection was made with a 5 μL Hamilton syringe over a 10-min period. After the injection was completed, the needle was left in place for another 10 min to reduce backup of the solution into the track of the injection needle, and then withdrawn. The skin over the skull was brought together and sutured, and the mouse was returned to its home cage. Ketoprofen fluid (100 mg/mL in 0.9% saline; 5 mg/kg body weight) was administered for the following 2 days.
Gene Expression Microarray
Gene expression analysis was conducted by the NIMH Microarray Core facility. Samples were prepared according to Affymetrix protocols (Affymetrix, Inc.). RNA quality was ensured using the Bioanalyzer (Agilent Inc.), and quantity was measured using NanoDrop. Per RNA labeling, 200 ng of total RNA was used in the Affymetrix recommended protocol for Affymetrix GeneChip mouse gene standard 2.0 arrays (Affymetrix, Inc.). Resulting data were analyzed using Partek Genomic Suite software (version 6.6; Partek Genomic).
Statistical Analysis
Statistical differences between two groups were determined with two-sided Student's t-test. Statistical differences among three groups or more were determined using one-way or twoway analysis of variance (ANOVA), followed by multiple comparison tests. Data are displayed as mean ± SEM.
Results
Arc mRNA Expression Level is Amplified During Early Postnatal Development of the Frontal Cortex
To study the regulation of Arc mRNA expression during postnatal development of the mouse frontal cortex, we first focused on the developmental profile of Arc expression. Using realtime qRT-PCR analysis, we investigated the steady state level of Arc mRNA expression in the frontal cortex of mice housed in their regular home cages during the light phase. We found that Arc mRNA expression starts at a very low level on postnatal day 7 (P7) but amplifies sharply from P11 to P13, and remained at a high level in adulthood (P60) ( Fig. 1A ; one-way ANOVA, F(7, 32) = 33.40, P < 0.0001, n = 3-6 mice per age group; post-test, P11 vs. P13, P < 0.0001). The same developmental profile was observed when Arc mRNA expression level was normalized against housekeeping gene Actin or GAPDH (supplementary fig. S1 ). These results suggest that Arc mRNA expression level is amplified during early postnatal development of the frontal cortex.
Natural Visual Stimuli Drive the Amplification of Arc mRNA in Early Postnatal Frontal Cortex
We noticed that the sharpest amplification of Arc mRNA level occurs between P11 and P13. During this period, mouse pups open their eyes for the first time after birth (Fox 1965) . As natural visual inputs will activate visual cortical neurons, which send excitatory glutamatergic innervations to the frontal cortex (Uylings et al. 2003) , we reasoned that the arrival of visual inputs with eye-opening might cause a rapid rise in frontal cortical Arc expression. We identified a group of P12 mice with eyelids still closed and kept them in the dark overnight. After verifying that those mice opened their eyelids in the dark on P13, we exposed half of the group to light for 2 h and kept the others in the dark for the same period of time (Fig. 1B) . Confirming our prediction, qRT-PCR analysis revealed that the light-exposed mice showed a significant increase in Arc mRNA level (t-test, P = 0.0293, n = 3 mice per group; Fig. 1C ). This finding suggests that natural visual stimuli drive the amplification of Arc mRNA in early postnatal frontal cortex.
Electrical Stimulation Is not Sufficient to Drive the Amplification of Arc mRNA in Early Postnatal Frontal Cortex
Given the strong induction of Arc expression by visual stimuli in P13 frontal cortex, we thought that the low level of Arc expression before eye-opening might be attributed to a lack of activating neural stimuli at this age. To determine whether neural stimulation will be sufficient to amplify Arc expression in neonatal mice before eye-opening, a strong stimulation method that does not disrupt the fragile neonatal brain tissue needs to be applied. Although optogenetic methods can powerfully drive synchronous neural activation (Tye and Deisseroth 2012) , these methods require invasive brain surgery for virus injection and light delivery, and a long waiting time (~2 weeks) for channelrhodopsin expression. These requirements make the application of optogenetic methods to neonatal brain challenging. However, previous studies have shown that noninvasive synchronous neural activation by electroconvulsive stimulation (ES), which involves a brief high-frequency electrical stimulus applied through head-attached electrodes, robustly induces Arc expression in the adult cortex (Lyford et al. 1995; Ma et al. 2009; Guo et al. 2011) . We therefore adopted this method to determine whether electrical stimulation would be sufficient to amplify Arc expression in P9 frontal cortex.
To confirm the effectiveness of ES, we videotaped P9 mice before and during an electroconvulsive stimulus (2 s, 100 Hz, 10 mA). We found that ES in P9 mice reliably evoked limb movements (supplementary fig. S2 ), indicating that this treatment is effective. However, ES did not significantly affect Arc expression in P9 frontal cortex, even though it robustly induced Arc expression in adult P60 frontal cortex ( Fig. 2A; 
Amplification of Arc mRNA in Early Postnatal Frontal Cortex Requires Both Electrical Stimulation and D1R Activation
Next, we investigated whether neuromodulators may be required to drive the amplification of Arc mRNA in early postnatal frontal cortex. Although ES could affect neuromodulator release in adult frontal cortex (Glue et al. 1990 ), this treatment alone was apparently not sufficient to amplify Arc mRNA in P9 frontal cortex. However, the psychostimulant amphetamine (Amph) is known to potently release catecholaminergic neuromodulators, including dopamine, while not strongly affecting the population activity of frontal cortical neurons (Sulzer et al. 2005; Wood et al. 2012) . We therefore tested whether Amph may affect the induction of Arc mRNA in P9 frontal cortex. Our results showed that although a single dose of Amph (5 mg/kg, intraperitoneally) or single application of ES alone did not produce significant increase in P9 frontal cortex, combined Amph/ES treatment greatly enhanced Arc expression (one-way ANOVA, F(3,21) = 14.44, P < 0.0001, n = 6-7 mice per condition; post-tests, Amph vs. home cage, P > 0.9999; ES vs. Home Cage, P = 0.1364; Amph/ES vs. Home Cage, P < 0.0001; Fig. 2B ). We verified that the Amph/ES treatment did not affect the expression of housekeeping genes Actin or GAPDH, which were used that Arc mRNA levels in the mouse frontal cortex amplify sharply from postnatal (P) days 11-13 and remain high at P60 (one-way ANOVA, F(7,32) = 33.40, P < 0.0001, n = 3-6 mice per age group; post-test, P11 vs. P13, ****P < 0.0001). The expression level of Arc is normalized to that of Actin. Amph and ES's effects on Arc mRNA expression are synergistic (two-way ANOVA, Amph-by-ES interaction, F(1, 21) = 4.732, P = 0.0412). Injection of D1R-specific antagonist SCH23390, moreover, blocks the synergistic effect of Amph/ES treatment (t-test, **P = 0.0043; Amph/ES with saline: n = 5 mice; Amph/ES with D1R ATN: n = 6 mice), suggesting that D1R signaling is required.
for normalizing Arc mRNA levels across subjects (supplementary fig. S3 ). The effect of Amph and ES administered together is greater than the additive effect of either treatment alone on Arc expression, indicating that the action of Amph and ES is synergistic (two-way ANOVA, Amph-by-ES interaction, F(1,21) = 4.732, P = 0.0412).
A previous study in adult rats suggested that D1R-specific antagonist SCH23390, but not D2R antagonist, might inhibit psychostimulant-induced Arc mRNA expression (Fosnaugh et al. 1995) . In addition, D1R is expressed in neonatal frontal cortical neurons (Leslie et al. 1991) . To assess the necessity of D1R activation in the amplification of Arc expression in P9 mouse frontal cortex, we administered SCH23390 before combined amphetamine and ES treatment. To avoid mechanical disruption of neurons and Arc expression, which would result from local drug infusion into the P9 frontal cortex, SCH23390 (0.2 mg/kg) or saline was delivered intraperitoneally. We found that the effect of Amph/ES was blocked by SCH23390 (t-test, P = 0.0043, Amph/ES with saline, n = 5 mice, vs. Amph/ES with SCH23390, n = 6 mice; Fig. 2B ). This finding suggests that the effect of amphetamine/ES on Arc expression is mediated through D1R, and other neuromodulatory pathways activated by Amph cannot replace the function of D1R signaling in early postnatal frontal cortex.
Natural Visual Stimuli-driven Amplification of Arc mRNA in Early Postnatal Frontal Cortex also Requires D1R Activation
To further assess the necessity of D1R activation in the amplification of Arc expression, we investigated whether D1R antagonist may inhibit the induction of Arc mRNA by natural visual stimuli in the early postnatal frontal cortex. We administered SCH23390 (0.2 mg/kg) or saline by intraperitoneal injection to dark-adapted P13 mice before light stimulation. Each of the two groups were then split again, with half exposed to light for 2 h and the other half kept in the dark for the same period of time (Fig. 3A) .
Quantitative RT-PCR analysis of Arc expression in the frontal cortex showed a significant increase only in control mice (injected with saline) that were exposed to novel visual stimulation. In mice injected with D1R antagonist, by contrast, visual stimulation's ability to induce Arc expression was completely blocked (one-way ANOVA, F(3,38) = 34.01, P < 0.0001, n = 10-11 mice per condition; post-tests, Light/Saline vs. Dark/Saline, P < 0.0001; Light/D1R ANT vs. Dark/D1R ANT, P > 0.9999; Fig. 3B ). These results suggest that natural visual stimuli-driven amplification of Arc mRNA in early postnatal frontal cortex also requires D1R activation.
Natural Visual Stimuli Amplify the mRNAs of Multiple IEGs in a D1R-dependent Manner
We next investigated whether dopaminergic signaling is also required for the amplification of the mRNAs of other IEGs in the postnatal mouse frontal cortex. Using microarray analyses of mRNA expression profiles, we systematically identified genes that were induced by novel visual experience in a D1R signaling-dependent manner under the same eye-opening paradigm in P13 mice. Based on the statistical criteria of a genome-wide false discovery rate of less than 0.05 (which corresponds to a stringent individual t-test P value <3 × 10 −5 ), we identified 8 genes whose expression levels after light stimulation were at least 1.5-fold greater than in controls kept in the dark or in mice treated with D1R antagonist (Fig. 4A,B) . Remarkably, all these 8 genes (Arc, Fos, FosB, Npas4, NR4a1, Egr2, Junb, Gadd45b) have been previously shown as neural activitydependent IEGs in adult animals (O'Donovan et al. 1999; French et al. 2001; Lin et al. 2008; Ma et al. 2009; West and Greenberg 2011; Nestler 2014) . Our finding that novel visual input inducedexpression of these genes in P13 mice depends on D1R signaling suggests that in postnatal frontal cortex, dopaminergic signaling is generally required for the activity-dependent amplification of gene expression.
Dopamine Neurons in the Ventral Midbrain Are Required for the Amplification of Arc mRNA During Early Postnatal Development of the Frontal Cortex
To determine whether dopamine neurons are required for the amplification of Arc mRNA during early postnatal development of the frontal cortex, we first sought to verify the presence of dopaminergic axons in the mouse frontal cortex during postnatal development. Previous studies in rats have shown that dopaminergic axons originated from cell bodies in the VTA of the midbrain reach the frontal cortex in the first postnatal week, concomitant with the completion of cortical layer differentiation (Verney et al. 1982; Kalsbeek et al. 1988) .
To examine the density of dopaminergic axons in the mouse frontal cortex over the subsequent developmental period, we immunostained frontal dopaminergic axons with an antibody specific for TH, an enzyme required for dopamine synthesis and abundantly expressed in those axons (Verney et al. 1982; Miner et al. 2003; Niwa et al. 2010 ). The specificity of this antibody for dopaminergic axons in the frontal cortex was confirmed by the disappearance of immunoactive signals after dopamine neuron ablation (supplementary fig. S4 ). Using this antibody, we found that dopaminergic innervation of the mouse frontal cortex was already present at P9, and the density of innervation increased significantly during postnatal development to reach a higher level by adulthood (one-way ANOVA, F(3,18) = 16.90, P < 0.0001, n = 4-8 mice per condition; Fig. 5A,B) . The higher density of dopaminergic axons in adulthood is consistent with the higher level of Arc mRNA expression in adult frontal cortex. To further determine whether midbrain dopaminergic neurons are required for the amplification of Arc mRNA during early postnatal development of the frontal cortex, we used a catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA) to lesion dopaminergic neurons in the VTA (Cenci and Lundblad 2007) . We injected 6-OHDA (5 μg per animal) unilaterally into the VTA of P9 mice and determined the extent of dopamine neuron loss at P19 by TH-immunostaining of VTA sections (Fig. 6A) . We then processed the ipsilateral frontal cortices of brains with distinctive dopaminergic neuron loss for qRT-PCR analysis of Arc mRNA level. Our results showed that in lesioned mice, Arc mRNA expression was significantly lower than that in sham controls. In addition, the level of Arc mRNA expression in the frontal cortex of lesioned mice at P19 was comparable with that in normal mice at P9 (one-way ANOVA, F(3,10) = 12.35, P = 0.0011, n = 3-5 mice per condition; post-tests, OHDA P19 vs. Sham P19, P = 0.0059; OHDA P19 vs. normal P9, P = 0.9856; Fig. 6B ). Our finding that damage to VTA dopaminergic neurons blocked the normal developmental increase of Arc mRNA expression in the frontal cortex suggests that developmental amplification of Arc mRNA requires dopaminergic neurons in the ventral midbrain.
Discussion
Using several lines of in vivo evidence, this study demonstrates that during early postnatal development of the frontal cortex, dopaminergic signaling is required for the amplification of Arc mRNA expression in response to neural activity. First, lesion of VTA dopamine neurons prevents the amplification of Arc expression during the early postnatal frontal cortical development. Second, inhibition of D1R blocks the amplification of Arc mRNA by visual experience at P13. Third, before eye-opening, D1R activation is required for the amplification of Arc expression in response to electrical stimuli. Those results therefore suggest that dopamine plays an essential role in the amplification of activitydependent Arc expression in the early postnatal frontal cortex.
While dopaminergic signaling, including its modulatory effects on Arc expression, has been studied in adult brain (Fosnaugh et al. 1995; Tritsch and Sabatini 2012) , far less attention has been paid to its role in early postnatal development of the frontal cortex (Money and Stanwood 2013) . This study is the first to address the role of dopamine in the developmental amplification of neural activity-dependent Arc gene expression. Indeed, some in vitro cell culture studies have suggested that dopamine's role is negligible, and that in the absence of dopamine, electrical activation alone is sufficient to trigger Arc expression (Shepherd et al. 2006; Bloomer et al. 2008) . Our in vivo findings, by contrast, indicate that during early postnatal frontal cortical development, electrical stimulation alone is not sufficient to amplify Arc mRNA expression. Instead, dopaminergic signaling is required for the amplification of neural activity-dependent Arc gene expression. In further contrast to this requirement of dopamine, a previous study has reported that neonatal norepinephrine lesions do not affect Arc expression in developing brain (Sanders et al. 2008) . Finally, dopaminergic signaling is not only necessary for Arc induction in postnatal frontal cortex but also required for the induction of a list of other IEGs. Thus, our study defines a hitherto unrecognized essential role for the dopaminergic system in postnatal brain development.
Dopamine may affect multiple steps in activity-dependent gene expression, such as neuronal excitability, intracellular signaling, and chromatin accessibility (Seamans and Yang 2004; Tritsch and Sabatini 2012; Nestler 2014) . Dopamine-induced changes at these steps may synergize with the electroconvulsive stimulus and lead to the amplification of Arc mRNA in P9 mice. Despite the lack of Arc induction, the electroconvulsive stimulus alone is sufficient to evoke limb movements in P9 mice, indicating that this stimulus is functionally effective in young mice. The difference between Arc activation patterns observed in postnatal frontal cortex and primary cell cultures (Shepherd et al. 2006; Bloomer et al. 2008 ), which were derived from embryonic hippocampal or cortical tissues, may stem from distinct anatomical and developmental origins of the cells under study. In addition, it has been reported that even in neurons of the same origin, chromatin accessibility can differ between the in vivo and the in vitro culture systems (Frank et al. 2015) . It will be an interesting direction for future research to compare the signaling pathways and chromatin states for activity-dependent gene transcription in different experimental systems.
Our findings show that the most dramatic developmental increase in frontal cortical Arc expression occurs between P11 and P13, when mouse pups open their eyes and a flood of novel visual inputs arrive. Visual inputs can reach the frontal cortex through feed-forward glutamatergic circuits that connect the retina, the thalamus, the visual cortex, and the frontal cortex (Uylings et al. 2003) . Moreover, novel visual stimuli are also potent activators of VTA dopaminergic neurons in rodents and primates, potentially through a direct connection from superior colliculus to VTA (Horvitz 2000; Dommett et al. 2005 ). This convergent activation of glutamatergic and dopaminergic circuits might underlie the requirement of dopamine for the developmental amplification of Arc mRNA in the frontal cortex. While our results showed that amphetamine and electrical stimulation act synergistically to amplify Arc expression in postnatal frontal cortex, whether this synergy occurs at a circuit level or at an intracellular signaling level or both remains unresolved (Dommett et al. 2005; Lyons and West 2011; Tritsch and Sabatini 2012) . Future studies to optimize optogenetic and chemogenetic tools for neonatal brain application may help to further delineate the interplays between dopamine and electrical activity in the developmental amplification of Arc mRNA expression.
In a variety of species including mice and human, eyeopening, but not birth, indicates a comparable stage of cortical neural development (Workman et al. 2013) . Human infants open their eyes after birth, and dramatic increases in Arc expression in the frontal cortex also occur at this stage (Colantuoni et al. 2011) . Since dopaminergic inputs have been shown to reach human cerebral cortex before birth and to increase markedly thereafter (Berger et al. 1991) , results from our mouse study raises the possibility that in developing human cortex, the amplification of activity-dependent Arc expression may be also modulated by dopaminergic inputs and sensitive to psychoactive drug exposure (Money and Stanwood 2013) .
Previous research involving pharmacological or genetic inhibition of Arc expression has shown that lack of Arc expression disrupts both activity-dependent circuit maturation and synaptic remodeling linked to memory (Bramham et al. 2008; Korb and Finkbeiner 2011; Shepherd and Bear 2011; Mikuni et al. 2013 ). In the frontal cortex, particularly, our earlier studies have shown that Arc is required for the emergence of learningrelated persistent firing patterns and neuronal ensemble consolidation Cao et al. 2015) . Here, we show that without dopaminergic signaling during postnatal development, Arc mRNA expression could not be induced. This lack of Arc expression from impaired dopaminergic signaling may therefore impair subsequent functions of frontal cortical circuits.
Perturbations of dopaminergic signaling have been associated with the pathogenesis or treatment of neurodevelopmental psychiatric disorders (Tritsch and Sabatini 2012; Slifstein et al. 2015) . In parallel, Arc signaling complex has been shown as a target of mutations in neurodevelopmental psychiatric disorders such as schizophrenia Purcell et al. 2014; Hu et al. 2015; Huentelman et al. 2015) . Our findings on the relationship between dopamine and Arc at an early life stage provide a novel intersection point between two disease-related molecular pathways. Furthermore, these findings suggest that combined electrical and dopaminergic activation is essential to establish the normal expression pattern of a schizophrenia-associated gene during frontal cortical development. This combinatorial strategy might be exploited to ameliorate gene expression deficits related to neurodevelopmental psychiatric disorders.
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